While pulsars possess exceptional rotational stability, large scale timing studies have revealed at least two distinct types of irregularities in their rotation: red timing noise and glitches. Using modern Bayesian techniques, we investigated the timing noise properties of 300 bright southern-sky radio pulsars that have been observed over 1.0-4.8 years by the upgraded Molonglo Observatory Synthesis Telescope (MOST). We reanalysed the spin and spin-down changes associated with nine previously reported pulsar glitches, report the discovery of three new glitches and four unusual glitch-like events in the rotational evolution of PSR J1825−0935. We develop a refined Bayesian framework for determining how red noise strength scales with pulsar spin frequency (ν) and spin-down frequency (ν), which we apply to a sample of 280 non-recycled pulsars. With this new method and a simple power-law scaling relation, we show that red noise strength scales across the non-recycled pulsar population as ν a |ν| b , where a = −0.84 +0.47 −0.49 and b = 0.97 +0.16 −0.19 . This method can be easily adapted to utilise more complex, astrophysically motivated red noise models. Lastly, we highlight our timing of the double neutron star PSR J0737−3039, and the rediscovery of a bright radio pulsar originally found during the first Molonglo pulsar surveys with an incorrectly catalogued position.
INTRODUCTION
The pulsar timing programme of the UTMOST 1 project (Bailes et al. 2017 ) monitors more than 400 pulsars using the upgraded Molonglo Observatory Synthesis telescope. This programme runs in parallel with searches for undiscovered pulsars and single pulses from rotating radio transients (RRATs), and Fast Radio Bursts (FRBs). These searches have already led to the discovery of thirteen FRBs (Caleb et al. 2017; Farah et al. 2018 Farah et al. , 2019 Gupta et al. 2019a,b,c,d) and the intermittent pulsar candidate PSR J1659−54 (Venkatraman Kr-E-mail: mlower@swin.edu.au 1 Not an acronym. ishnan et al. 2020) . As part of the timing programme, updated rotational models for 205 pulsars were published in the first paper of this series (Jankowski et al. 2019 ) and 9 pulsar glitches have been reported so far (Jankowski et al. 2015a (Jankowski et al. ,b, 2016 (Jankowski et al. , 2017 Lower et al. 2018 Lower et al. , 2019 .
While pulsars are renowned for their capacity to be used as astrophysical clocks, many have been observed to exhibit an intrinsic 'timing noise' in the measured arrival times of their pulses. Timing noise -stochastic wandering in observed pulse arrival timesmanifests as either a 'white' noise processes if the power is distributed normally across all fluctuation frequencies, or 'red' noise if the timing residuals are dominated by low-fluctuation frequency structures. White timing noise can arise from instrumental artefacts, unaccounted radio frequency interference (RFI) and pulse-to-pulse shape variations, often referred to as pulse jitter (Staelin & Reifenstein 1968; Jenet et al. 1998) . While fluctuations in the density of the interstellar medium along the line of sight , and the passage of nanohertz frequency gravitational waves (Detweiler 1979; Hellings & Downs 1983) manifest themselves as red noise in pulsar timing residuals, the dominant source of intrinsic red noise over long timescales is believed to arise from irregularities in pulsar rotation. One of two primary sources of rotational irregularities are pulsar glitches, discrete spin-up events that often decay exponentially over the following months to years. Glitches are posited to originate from either the release of built up tension within the neutron star's crust via starquakes (Ruderman 1969; Baym et al. 1969) , or the unpinning of superfluid vortices from the crustal lattice (Anderson & Itoh 1975; Alpar et al. 1985; Melatos et al. 2008) . The other main type of rotational irregularity is 'spin noise', long-term variations in pulsar spins characterized by a red power spectrum (hereafter referred to as red noise). While red noise is distinct from glitches, it may be possible that glitch recoveries and switching between emission/spin-down states contributes to the overall red noise seen in some pulsars. The nature of the relationship between glitches and red noise is also open for debate Parthasarathy et al. 2019) .
While the precise mechanism behind pulsar red noise is unknown, potential external causes include fluctuations in the spindown torque (Cheng 1987a) , free-precession (Stairs et al. 2000; Brook et al. 2014; Kerr et al. 2016) , asteroid belts or debris disks interacting with the pulsar magnetic field (Cordes & Shannon 2008) , undetected planetary companions (Kerr et al. 2015) , changes in pulse shape (Brook et al. 2016 ) and discrete quasi-periodic magnetospheric state switching (Kramer et al. 2006a; Lyne et al. 2010) . Internal mechanisms such as the outward exchange of angular momentum due to coupling between the outer crust and superfluid interior (Jones 1990) , undetected micro-glitches (Cheng 1987b) , vortex re-pinning during glitch recovery (Melatos et al. 2008 ) and superfluid turbulence (Greenstein 1970; Link 2012; Cordes & Shannon 2008) have also been proposed as mechanisms behind red noise. Long-term studies of large samples of pulsars by Hobbs et al. (2005) and Hobbs et al. (2010) found red noise is common across the pulsar population, and claimed pure random walks in pulsar phase, spin frequency or spin-down rate cannot accurately model the observed structures in the timing residuals (Cordes & Downs 1985) . However, Shannon & Cordes (2010) showed that if the random walk step-sizes are drawn from a power-law function (rather than a Gaussian), then most red noise structures can be replicated.
In this paper we undertake a study of the rotational properties of 300 pulsars that have been observed over the past 1.0-4.8 years by UTMOST. This includes a full reanalysis of nine previously reported glitches (Jankowski et al. 2015a (Jankowski et al. ,b, 2016 (Jankowski et al. , 2017 Espinoza et al. 2011; Sarkissian et al. 2017; Palfreyman et al. 2018; Lower et al. 2018; Liu et al. 2019; Sarkissian et al. 2019; Kerr 2019) , while accounting for the effects of timing noise and the discovery of two new glitches. To parameterize the effects of red noise on the timing residuals, and to avoid biasing our measurements of pulsar spin and spin-down, we employ the Bayesian pulsar timing software T N (Lentati et al. 2014) . We search for correlations between pulsar properties and red noise strength, in addition to how it scales as a function of spin and spin-down frequencies across the population.
In Section 2 we outline the observing and data processing strategies. In Section 3 we describe the phenomenology behind characterising pulsar timing noise and the statistical framework we use to parameterise red timing noise and perform simultaneous measurements of pulsar spin properties. We report on our updated timing models and present the results of our red noise search and glitch analysis in Section 4. In Section 5 we examine potential links between red noise strength and pulsar properties, in addition to outlining and comparing a new, robust method for determining how timing noise scales across the population. Lastly, in Section 6 we draw our conclusions and comment on future applications of our Bayesian framework.
OBSERVATIONS

System overview
The UTMOST project began with the backend upgrade to the refurbished Molonglo Observatory Synthesis Telescope (Bailes et al. 2017) . MOST is a Mills-Cross design aperture synthesis telescope situated approximately 35 km South-East of Canberra, Australia. It is comprised of two 778 m long East-West arms that can be slewed in the north-south direction, and a static North-South arm, that is being re-engineered as part of the UTMOST-2D project (Day et al. in prep.) . The telescope operates at a central frequency of 835 MHz 2 covering a bandwidth of 31.25 MHz. The ring-shaped design of the antenna elements means the instrument is mainly sensitive to right-hand circularly polarized emission.
For the first two years of the timing programme we were capable of mechanically tracking sources in hour angle on the sky. However, maintenance issues and an associated degradation of performance ultimately led us to convert the telescope into a meridian transit instrument in June 2017. While we are no longer able to track sources mechanically, we are able to electronically track up to four pulsars simultaneously as they transit the telescope's 4 • × 2 • primary beam. A typical timing observation lasts between 5-20 minutes depending on the brightness of the pulsar and whether it displays interesting behaviours (e.g. emission state-switching). Observations are usually performed autonomously via the scheduler developed for the UTMOST multi-epoch Survey of Magnetars, Intermittent pulsars, RRATs and FRBs (SMIRF: Venkatraman Krishnan et al. 2020) , which has improved the efficiency of the timing programme since its June 2017 introduction. Manual observations of targets of interest, phase calibrators and long FRB transit searches are usually performed using the scheduler detailed in Jankowski et al. (2019) .
Radio frequency interference
Observations conducted by UTMOST are often contaminated by radio frequency interference (RFI) as its frequency band is shared by radio transmissions from two Australian mobile telecommunications providers. As the telescope is an array, voltage addition in phase only occurs for radio emitting sources that are more than a Fresnel scale away (∼ 10000 km) from the telescope, while anything closer is attenuated. Although this does reduce the overall amount of observed RFI, it is still prevalent in a significant fraction of observations. Removal of RFI is performed by passing the data through an excision pipeline that involves spectral kurtosis prior to folding of the raw data with 3 (van Straten & Bailes 2011), followed by median filtering of the folded archives via the tools (Morello et al. 2018) , which uses Tukey's rule to find and zero-weight data corresponding to outliers in the standard deviation, peak-to-peak difference and second bin of the Fourier transform of each sub-integration and channel of a folded observation. This alone has improved the timing accuracy of many slow pulsars we observe by a factor of two. The amount of data lost to RFI excision is typically on the order of 5 percent, but can be as high as 10 to 15 percent during times of high road traffic (and hence an increased number of mobile handsets) near the telescope.
Pulsar-timing dataset
We began the pulsar-timing programme during October 2015 after phasing of the telescope became routine. Limited pulsar observations prior to this date were undertaken while the telescope was still undergoing upgrades and commissioning, but are largely of lower quality when compared to more recent data. A general overview of the UTMOST timing programme can be found in Jankowski et al. (2019) , which includes the first scientific results of the timing programme: a study of pulsar proper motions, transverse velocities, pulse duty cycles and flux densities at 843 MHz, and updated rotational and astrometric parameters for 205 pulsars. Currently we perform regular radio monitoring and timing of 412 pulsars, each of which was selected from an initial list of every pulsar for which an observation had been attempted by UTMOST. This includes monitoring the pulsed radio emission of two radio loud magnetars, PSR J1622−4950 and XTE J1810−197. Each pulsar observation typically lasts between 5-20 minutes, depending on the source flux density and declination. After RFI excision, the observations are then summed in frequency and time to produce averaged pulse profiles. These are then cross-correlated with a standard profile, a template generated from a smoothed, high signal-to-noise profile obtained after many hours of integration, to measure the pulse time of arrival (ToA) at the telescope (Taylor 1992) . This 'topocentric' ToA is then converted to the ToA at the Solar System Barycentre via the Jet Propulsion Laboratory's DE430 planetary ephemeris (Folkner et al. 2014) . Due to sensitivity limitations of the telescope, most of these pulsars are bright, isolated southern pulsars with relatively long rotation periods. Their basic observational parameters are drawn from the Australia Telescope National Facility (ATNF) pulsar catalogue ( ; Manchester et al. (2005) ) 6 and Jankowski et al. (2019), where the spin period, position and DM determination epoch is MJD 57600. Fig. 1 shows the spin period/period-derivative (P -Ṗ ) diagram for the full set of pulsars regularly monitored by UTMOST.
The cadence with which we observe individual pulsars varies from days to months, depending on their physical properties, and whether they exhibit interesting behaviour such as nulling, glitches or mode-changing. Precise observation cadences and lengths are defined by a pulsar's position in the sky, apparent brightness and the scientific benefit of performing observations with daily to monthly cadences. We provide this information to SMIRF, which autonomously schedules and performs the observations. Limiting the amount of mechanical wear on the telescope due to slewing is also factored into how often particular pulsars are observed.
PULSAR-TIMING STRATEGY
To determine the timing properties of a pulsar, we must first establish a phase-connected timing solution. Pulsars that have undergone glitches or exhibit excess structures due to timing noise are difficult to solve coherently over long timing baselines, often requiring the addition of discrete phase jumps before updating the timing model. Once we have a phase coherent solution, we use 2 to assign relative pulse numbers to each ToA, which we then track to avoid phase wraps when attempting to update the timing model. The effects of timing noise can be mitigated by including fits for higher order polynomials, corresponding to higher order spin-derivatives, into the timing model, or by subtracting a series of harmonically related sinusoids (e.g. in 2; Hobbs et al. (2006) ). While these methods are useful for pre-whitening the timing residuals, they assume the measured pulsar properties and timing noise are uncorrelated. Attempts to avoid biases induced by correlations in the timing residuals include using a transform of the covariance matrix based on Cholesky decomposition to whiten the timing residuals (Coles et al. 2011) , which enables the timing residual power spectrum to be fit by a steep red power-law. However, this method requires some a priori knowledge of the covariance matrix, and that the correlated timing noise process is stationary in the post-fit timing residuals. van Haasteren & Levin (2013) showed that the assumption of stationarity breaks down during the fitting process, leading to incorrect uncertainties on the spectrum estimates, and an incorrect covariance matrix for the pulsar timing model. They instead proposed the use of a Bayesian analysis, in which the stochastic timing noise and pulsar properties are modelled simultaneously, avoiding the possibility of biases in the final posterior distributions. This method, in particular the ability to perform model selection, was improved by Lentati et al. (2013) and Lentati et al. (2014) , as the van Haasteren & Levin (2013) method is hampered by large matrix inversions and a growing parameter space as the timing model is linearized.
Phenomenological timing noise model
To model the effects of red timing noise, we utilized the phenomenology outlined in Lentati et al. (2014) and Lentati et al. (2016) , where the power spectral density of the red noise process is described in the Fourier domain by a power law 7 with amplitude A (in units of yr 3/2 ) and spectral index β
In addition to the standard power-law model, we also consider a variation of the spectral turnover model of Coles et al. (2011) 
where fc is the frequency at which the spectrum turns over. While the models we test are phenomenological rather than drawn from physical theory, models of superfluid turbulence within neutron star interiors (Melatos & Link 2014) , or the presence of circum-pulsar asteroid belts (Cordes & Shannon 2008) predict spectral flattening or turnovers in power spectra of pulsar timing residuals. Excess white noise in the residuals due to pulse jitter or radio interference can be accounted for by modifying the uncertainties of individual ToAs as
Here σi is the ToA uncertainty on the i-th observation derived from the cross-correlation procedure for generating ToAs, F is a fitting factor (commonly referred to as EFAC) that encodes the contribution of unaccounted instrumental effects and imperfect estimates of ToA uncertainties, while σq (error in quadrature: EQUAD) accounts for any additional sources of time-independent uncertainties (e.g pulse jitter).
Bayesian framework
To characterise timing noise and obtain accurate timing models, we used Bayesian parameter estimation to construct posterior probability distributions for the deterministic and stochastic pulsar properties θ from the timing residuals r. Prior to performing parameter estimation we first obtained an initial timing solution from previously computed models. In most cases, the initial timing solutions are re-fitted versions of those found in Jankowski et al. (2019) or - (Manchester et al. 2005) . We fit pulsar parameters that are poorly 7 The division by 12π 2 comes from this power-law originally being derived from the one-sided power spectrum a stochastic gravitational-wave background would induce in pulsar timing residuals (e.g Jenet et al. 2006) constrained using a χ 2 minimisation scheme with 2 Edwards et al. 2006) , resulting in a phase-connected timing solution.
We conducted parameter estimation on these timing models using the T N 8 Bayesian pulsar timing software developed by Lentati et al. (2014) . T N utilizes the nested sampling algorithm M N (Skilling 2004; Feroz & Hobson 2008; Feroz et al. 2009 ) to sample the posterior distributions of the parameters θ, given timing residuals r and a timing model M, while analytically marginalizing over nuisance parameters. The general form of the posterior probability distribution is given by Bayes' theorem as
where L(r|θ, M) is the likelihood function for the residuals given a timing model and model parameters (equation 21 of Lentati et al. (2014) ), π(θ, M) is our prior knowledge, the ranges of which are listed in Table 1 and Z(r|M) is the Bayesian evidence, which is a single number representing the completely marginalized likelihood defined by
To account for potential covariances when fitting for the parameters of interest, we included the sky-position of the pulsar as free parameters. However, any improvements in the sky-position uncertainty over the values output by 2 would be marginal at best, as all pulsars in our sample have been timed for more than 1 yr. Hence, we treat the sky-position as a set of nuisance parameters, θn = {α, δ}, that are analytically marginalized over to obtain the marginalized posterior distribution for the parameters of interest (θi), defined by p(θi|r, M) = n =i dθnπ(θn, M)L(r|θi, θn, M).
Any glitch parameters in the timing model are also marginalized over, unless we are explicitly attempting to measure them. Neglecting to do so biases the recovered spectral index toward larger values (a steeper red spectrum). For computing posterior distribution confidence intervals we use the maximum likelihood statistics from C C 9 (Hinton 2016).
After conducting parameter estimation, we can use the resulting Bayesian evidences to compare two or more competing hypotheses (M1, M2) by calculating the odds ratio
where Π1/Π2 is the a-priori odds of the two hypotheses. In our case the prior odds are unity as we assume uninformative priors throughout our analysis. This leaves us with an alternative model comparison metric known as the Bayes factor, which can be calculated as
where θ1, θ2 are the parameters associated with models M1 and M2 respectively. In our analysis, the specific models we compared include: The specific choice of a Bayes factor threshold when performing model selection is largely dependent on what one considers to be an acceptable false positive rate. For instance, a conservative Bayes factor threshold of | ln(B12)| > 8 (corresponding to a false positive rate of ∼ 1/3000) is generally used in gravitational-wave astronomy (Thrane & Talbot 2019) . A more common interpretation is outlined in Kass & Raftery (1995) , where a Bayes factor of ln(B12) > 5 (false positive rate ∼ 1/150) is considered to be 'very strong' evidence for one hypothesis over the other. In this work we use the latter interpretation, as it has previously been used in pulsar model selection studies (e.g., Lentati & Shannon 2015; Reardon et al. 2019; Parthasarathy et al. 2019) . In cases where neither model is significantly preferred over the other, i.e. for | ln(B12)| < 1, Occam's razor tells us the least complicated model is preferred.
Braking indices
Over long timescales, the spin-down of a pulsar is often approximated by a power law of the forṁ
where K is a scaling constant related to the pulsar moment of inertia and magnetic field structure (Gunn & Ostriker 1969) and n is the 'braking index'. The value of the braking index is potentially an indicator of the physical process that dominates the torque acting to slow the rotation of the neutron star. For instance, a braking index of n = 1 arises if the spin-down is dominated by an out-flowing particle wind from the pulsar surface (Harding et al. 1999) , n = 3 corresponds to magnetic-dipole radiation (e.g. Shapiro & Teukolsky 1983) , and n = 5 would indicate the pulsar is spinning down due to some form of quadrupole radiation, such as gravitational waves (Bonazzola & Gourgoulhon 1996; Yue et al. 2007 ). Magnetic field evolution or a varying misalignment between the spin and magnetic axes are also predicted to result in n < 3 (Blandford & Romani 1988; Lyne et al. 2013) . By taking the derivative of equation 9 and solving for n, we can infer the braking index of a pulsar by measuring its second spin-frequency derivative (ν), giving
Obtaining accurate measurements ofν is difficult, as measured values ofν in 'old' pulsars are not significantly different from zero. As with measuring ν andν, not accounting for timing noise in the pulsar residuals when attempting to measureν will lead to biased measurements, asν is often highly correlated with timing noise.
Glitch parameter estimation
While the low frequency structures resulting from red noise affect the long term timing precision of pulsars, pulsar glitches result in neutron stars spinning-up on timescales of seconds (Ashton et al. 2019a ). This causes a near-instantaneous difference between the observed ToAs and what is expected from the timing model. Some pulsars take days to months to recover toward their original preglitch spin frequency (and sometimes do not fully recover or overrecover). In general the change in rotational phase from a glitch can be expressed in terms of instantaneous, permanent changes in the pulsar spin (νp) and spin-down (νp), as well as the exponential spin recovery (ν d ) over time (τ d )
If the precise epoch at which a glitch occurred (tg) is poorly constrained then there can be some uncertainty in the precise number of pulsar rotations between the last pre-glitch and first postglitch observations. Hence an unphysical phase jump (∆φ) is frequently implemented to maintain a phase-connected timing solution. If the glitch epoch were known precisely, a phase jump would not be required. Glitch recovery is often associated with the repinning of superfluid vortices (Melatos et al. 2008) . The degree to which a glitch recovers can be quantified by the recovery parameter Q = ∆ν d /∆νg, where ∆νg = ∆νp + ∆ν d . When fitting for pulsar glitches we include five parameters drawn from equation 11 that describe the change in pulsar spin and post-glitch recovery, {∆φ, ∆νp, ∆νp, ∆ν d , τ d }, in addition to the red noise and spin parameters. For pulsars found to have undergone multiple glitches within our timing data, we fitted all of the relevant glitch parameters simultaneously in order to avoid introducing biases from incomplete glitch models when attempting to model them individually. We then marginalize over the instantaneous phase jump to account for uncertainties on the glitch epoch. We employed Bayesian model selection in cases where it is difficult to tell by eye whether a small glitch or glitch-like event is real, or is the result of a cusp in the residuals due to timing noise.
RESULTS
Updated timing models
Many pulsars in our sample have improved timing measurements over those from version 1.54 of the ATNF pulsar catalogue 10 , including a number that are not present in Jankowski et al. (2019) . The updated astrometric and spin parameters are presented in Table A1 . The resulting timing residuals for all pulsars analysed in this work are presented in Fig. 2 . Ephemeris files in 2 format, ToAs, plots showing the one-and two-dimensional posterior distributions and a clock correction file are available to download from our online repository 11 .
Spin frequency second derivatives and braking indices
By simultaneously modelling timing noise as a power-law process, we are able to search for unbiased values ofν by comparing Bayesian evidences for the power-law red noise (PLRN) and red noise withν (PLRN+F2) models. There are 8 pulsars in our sample that marginally prefer the PLRN+F2 model (1 < ln(B) < 5) for which we recover well constrainedν posteriors that are inconsistent with zero. We find only one pulsar, PSR J0738−4042, significantly favours the PLRN+F2 model with a log Bayes factor > 5, while PSR J1001−5507 has a marginally sub-threshold preference (ln(B = 4.9)). These measurements ofν along with the inferred braking index for each pulsar are compared with those from in Table 2 . The sign of the braking indices depends on whether the inferred value ofν is positive or negative. None of our measurements ofν and n are consistent with previously published values. Given each of the pulsars with previousν measurements have undergone glitches, the difference in results may be due to the accumulated changes in pulsar rotation between measurements or yet to be reported glitches. No glitches have been reported to date in the pulsars that do not haveν values listed in . While the inferred braking indices are all much larger than the canonical n = 3 10 This is the psrcat version from which many of initial ephemerides were drawn from. 11 github.com/Molonglo/TimingDataRelease1/ expected from magnetic dipole radiation, they are consistent with values reported for other young pulsars. It has been speculated these large braking indices may be due to the effects of unmodelled recovery from glitches prior to the start of timing observations (Johnston & Galloway 1999) . Alternatively, our timing noise model may be incomplete, giving rise to the preference for the PLRN+F2 model. For instance, PSR J0738−4042 may be affected by torque variations initially induced after a profile change in 2005, proposed to be evidence for an interaction with an asteroid (Brook et al. 2014) , while PSR J1001−5507 is known to exhibit discrete spin-down state switching (Chukwude & Buchner 2012) . Neither phenomenon is included in the timing models for these pulsars, and are therefore likely causes of these pulsars' strong preference for the PLRN+F2 model.
Red timing noise properties
We assessed the presence of red noise in our pulsars using the Bayes factor found from comparing the PLRN model against the WTN model as a detection statistic, where ln(B R/W ) > 5 is a strong detection. Pulsars for which we obtain Bayes factors of 3 < ln(B R/W ) < 5 are categorized as 'probable detections' since the PLRN model is favoured, but is subject to an increased false positive rate. Those that have Bayes factors in the range 1 < ln(B R/W ) < 3 marginally favour a red noise model, but lack the statistical confidence to be distinguishable from the WTN model.
Out of the 300 pulsars analysed, we find 110 strongly favour the PLRN model and 6 that fall into the probable detection category. None of the pulsars in our sample favour the PL+FC model. We find the magnetar PSR J1622−4950 to have the largest red noise amplitude at 1 yr of log 10 (A) = −4.9 +0.6 −0.4 , with a spectral index β = 7.3 +3.4 −3.6 . This result should be taken with caution as we do not account for changes in the pulse profile or variations iṅ ν due to short-term changes in magnetic torque that are observed in magnetars (e.g. Camilo et al. 2018) . Excluding magnetars, PSR J0835−4510 (the Vela pulsar) has the largest red noise amplitude of any non-recycled pulsar in our data set, with log 10 (A) = −8.2±0.2 and a steep spectral index of β = 8.6 ± 0.9. This spectral index is different to the value measured by Shannon et al. (2016) using 21 years of Vela timing, which may be caused by the occurrence of additional glitches that have recovered since the end of their data set.
We find that three millisecond pulsars favour the PLRN model: 
PSR J0437−4715, PSR J2145−0750 and PSR J2241−5236. While red noise due to rotational instabilities is known to be present in millisecond pulsars, high precision timing has shown that variations in pulsar DM can mimic timing noise in observations at single frequencies (e.g., Lentati et al. 2016) . Accounting for DM variations requires observing systems that use either wide-band receivers or are capable of observing at multiple frequencies. Due to the limited bandwidth of UTMOST, there is a covariance between DM variations and achromatic timing noise. Hence it is not possible for us to attribute the red noise we observe in millisecond pulsars to rotational irregularities. Unaccounted instrumental artefacts may also contribute to the red noise in these pulsars (Jankowski et al. 2019 ).
The lack of multi-band observations also means we cannot infer the contribution of DM variations to the red noise in the nonrecycled pulsars. However, Petroff et al. (2013) found only 11 pulsars out of a sample of 160 non-recycled pulsars showed significant changes in DM with time (only setting upper-limits on the remaining 149), while Shannon et al. (2016) showed the Vela pulsar's DM variations have a sub-dominant contribution to its overall red noise. Hence, any extra red noise induced by DM variations in our nonrecycled pulsar sample would be negligible. Additionally, we find no correlation between red noise parameters and DM.
The full list of the maximum likelihood posterior values and associated 95 percent confidence intervals on the red noise parameters are presented in Appendix B.
Pulsar glitch reanalysis
So far we have observed twelve glitches in eight pulsars, nine of which have been previously reported. 12 The timing residuals for the six pulsars prior to adding glitch corrections are depicted in Fig. 3 . Cusp-like features in the residuals are the result of large glitches. Note that separate ephemeris and ToA files for PSRs J0835−4510, J1257−1027, J1452−6036 and J1703−4851 that include post-glitch observations and corrections can be found in the online repository 13 . The extended data sets for these pulsars are used only for the glitch analyses, and are not included in our red 12 Seven of these glitches have been added to the Jodrell Bank glitch catalogue (Espinoza et al. 2011 ): www.jb.man.ac.uk/pulsar/glitches.html 13 github.com/Molonglo/TimingDataRelease1/ noise study. Currently pulsars that have undergone a glitch are manually identified in the UTMOST data by searching for glitch-like events in the timing residuals 'by eye'. This method can be prone to error, with small glitches being glossed over when investigating pulsars that exhibit strong red noise. An automated glitch detection pipeline would be a useful development to search for previously unnoticed glitches in past observations and for near-real time glitch detection.
PSR J0835−4510
There are three reported glitches in PSR J0835−4510 that we have observed with UTMOST (Jankowski et al. 2015a; Palfreyman et al. 2016; Palfreyman et al. 2018; Sarkissian et al. 2019; Kerr 2019 ). The first is reported to have occurred on MJD 56922 ± 3, with a small glitch amplitude of ∆νg/ν = 0.4 × 10 −9 . Our reanalysis returns only upper limits on the change in ν, but does recover ∆νg = 21.5 +0.6 −1.4 × 10 −3 . However, performing model comparison returns a log Bayes factor of ln(B) = −48.0, indicating a red noise model without a glitch at this epoch is strongly preferred for this event.
For the second glitch, which was observed in real-time by Palfreyman et al. (2018) at MJD 57734.484991 (29), we obtain a glitch amplitude that is similar in magnitude to the published value, while our inferred change in the spin-down of the pulsar is ∼30 percent smaller than the previously reported value. This is likely due to our analysis incorporating simultaneous modelling of the glitch and timing noise parameters. Including the short-term recovery found by Sarkissian et al. (2017) , we find evidence for additional recovery of ∆ν d = 4.2 +0.6 −0.3 nHz over 12.7 +3.0 −1.2 days. The third glitch occurred during observations by the Hawksbury radio observatory (Sarkissian et al. 2019 ) and the Fermi gamma-ray observatory at MJD 58515.5929(5) (Kerr 2019) . Our recovered glitch amplitude is similar in size to the previously reported values, and is typical of other large Vela glitches (∆νg/ν ∼ 1000). We also find a small exponential recovery (Q = 0.005) occurred over 11.0 ± 1.2 days. We are unable to test whether this glitch underwent any short-term recovery similar to the previous one as our first post-glitch observation was ∼9 days after the glitch occurred.
In addition to the three glitches we analyse here, a large glitch occurred on MJD 56555.871 ( prior to the start of our data set. While we cannot constrain the permanent changes in ν andν, we can perform parameter estimation on the recovery parameters in the presence of red noise. We obtain a change in spin frequency of ∆ν d /ν = 1591 +170 −322 , which decays over τ d = 923 +88 −152 days. Our measured ∆ν d /ν is inconsistent with the value inferred by Shannon et al. (2016) , but they only have observations up to 116 days after the glitch occurred. Hence any further decay in ∆νg beyond the end of their data set will have been missed. When compared against the pure PLRN model, the resulting ln(B) = 65.5 strongly favours the red noise plus glitch recovery model. This confirms that long-term recovery from glitches prior to the start of timing observations can affect the recovered timing parameters.
PSR J1257−1027
This glitch is the first to ever be reported in this pulsar. It is well described by a small permanent change in the pulsar spin (∆νg/ν = 3.20 +0. 16 −0.57 × 10 −9 ) with no evidence for recovery. Including a change in the pulsar's spin-down frequency in our parameter estimation returned only an upper limit of ∆ν 268 × 10 −3 .
Additional observations over longer post-glitch timescales are required for further constraints to be placed on changes inν.
PSR J1452−6036
We discovered a glitch with an amplitude of ∆νg/ν = 270.7 +0.3 −0.4 × 10 −9 that occurred in PSR J1452−6036 on MJD 58600.29(5). This is the second glitch seen in this pulsar to date and is almost a factor of 10 larger than the glitch observed on MJD 55055.22(4) by Yu et al. (2013) . Performing model selection we find a change in spindown is weakly disfavoured (ln(B) = 4.2), hence we can only set an upper limit on ∆νg/ν of 16 × 10 −3 at the 95 percent confidence level. In addition, we find no evidence for an exponential recovery after this glitch. This could be due to a lack of vortex re-pinning following this glitch, or the recovery having occurred on a timescale too short to be resolved with our current observation cadence (∼ 3.3 days between tg and the first post-glitch observation). Alternatively, the recovery timescale may be significantly longer than our current post-glitch data span.
PSR J1703−4851
The glitch we observed on MJD 58543.1(3) is the first to ever be reported in this pulsar. We recover a moderate change in the pulsar spin of ∆νg/ν = 19.0 +1.0 −0.7 × 10 −9 and a relatively large change in the spin-down of ∆νg/ν = 292 +38 −53 × 10 −3 . We find a recovery model is disfavoured for this glitch. While this pulsar is known to undergo emission state switching (Wang et al. 2007 ) we have only four post-glitch observations to date, hence we are currently unable to provide any link between the glitch and state switching. The lack of post-glitch observations may also explain why the recovery model is disfavoured, as long-term glitch recoveries require extended observations to detect.
PSR J1709−4429
This glitch is the fourth and smallest glitch observed to date in PSR J1709−4429. The glitch amplitude we recover (∆νg/ν = 54.6 ± 1.0 × 10 −9 ) is consistent with the previously reported value (Lower et al. 2018 ), but the change in spin-down frequency was overestimated by a factor of ∼7. This is likely due to ∆ν being covariant with the glitch recovery, which was not fit for in Lower et al. (2018) . We find the change-in-spin period due to this glitch almost completely recovers (Q = 0.995) in 99.1 +11.2 −9.6 ,days.
PSR J1731−4744
With an amplitude of ∆νg/ν = 3148 ± 3 × 10 −9 , this is the largest glitch contained within our presented data set, and the largest observed in this pulsar to date (Espinoza et al. 2011) . Previous glitches have shown evidence for linear recoveries (Yu et al. 2013 ), but we find no evidence for any spin recovery from this glitch.
PSR J1740−3015
Four previously reported glitches have occurred within our timing measurements of PSR J1740−3015 (Jankowski et al. 2015b (Jankowski et al. , 2016 Espinoza et al. 2011; Liu et al. 2019) . We obtain a small amplitude of ∆νg/ν = 0.122 +0.086 −0.081 ×10 −9 and comparatively large change in spin-down (∆νg = 82.2 +8.8 −8.5 ×10 −3 ) associated with the first glitch. For the second glitch (MJD 57346.0(0.6)), we are only able to set References indicated in the last column are (1) an upper-limit on the instantaneous change in pulsar spin-frequency. Performing model comparison, we find all models that include the second glitch are strongly disfavoured, suggesting the properties of this glitch are covariant with our red timing noise model. Our analysis of the third glitch recovers a change in spin-frequency that is largely consistent with previously reported values, with a small recovery (Q = 0.035) over 430 +91.1 −100.9 days. The fourth glitch was discovered in observations of the pulsar at Jodrell Bank (Shaw et al. 2018 , private communication, Espinoza et al. 2011 . It was also seen by the Shanghai Tian Ma Radio Telescope (Liu et al. 2019) . We find no evidence for spin recovery after this latest glitch. However, the large change in spin-down we recover may be evidence of longerterm recovery, as these two effects are strongly covariant while the pulsar remains in the recovery phase.
Glitch-like events in PSR J1825−0935
Also known as PSR B1822−09, this pulsar has been reported to exhibit timing events, sometimes referred to as 'slow glitches' (Zou et al. 2004; Shabanova 2007) . These events are predominantly characterized by a sharp change in the spin-down of the pulsar, which leads to the pulsar spinning up over the course of a few days. This change in spin-down decays exponentially over timescales of days to months. PSR J1825−0935 is also known to switch between two emission states: a 'B-mode' where an extra precursor component adjacent to the main pulse is visible, and a 'Q-mode', where precursor emission is suppressed and emission from an interpulse component is brightest (Fowler et al. 1981; Gil et al. 1994) . Lyne et al. (2010) showed this switching between these two emission modes is correlated with changes in the spin-down rate, concluding the apparent 'slow glitches' are not related to the glitch phenomena, but are instead a result of the pulsar spending more time in one emission/spin-down state versus the other.
The upper panel of Fig. 4 shows the timing residuals for PSR J1825−0935 after subtracting a fit for ν andν. Two glitch-like events are found to have occurred during observing gaps centred at Modelling these four events as standard pulsar glitches, we perform parameter estimation using T N to fit for step changes in ν andν. The recovered glitch parameters are presented in Table 4 . The first two events are only consistent with upper limits on an instantaneous changes in ν, while the changes inν both peak at negative values. Changes in ∆νg for all four events are consistent with zero at the 95 percent confidence interval. However, the standard glitch model we employ does not sufficiently describe the true nature of these events. By performing model selection, we find a PLRN model with no glitches is preferred over any glitch+PLRN model, with a ln(B) = 14 when comparing a PLRN-only model to PLRN+4 glitches and ln(B) = 7.8 in favour of the PLRN-only model versus a fit to only the two large events. Subtracting off the purely red noise model the post-fit residuals are still dominated by the two larger glitch-like events, implying that at least these two events are not related to the pulsar's red noise.
The small variations inν in the bottom panel of Fig. 4 at the time of each event are more in line with conventional pulsar glitches as opposed to slow glitches, although the lack of coverage around the more recent large amplitude events means we may have insufficient resolution to detect any rapid changes in spin-down. The modechanging behaviour and glitch-like events of PSR J1825−0935 demand further investigation, as high-cadence coverage of these events, and any that are discovered in other mode-changing pulsars, may allow us to probe the internal dynamics of these neutron stars.
DISCUSSION
Quantifying timing noise strength
While a complete characterisation of pulsar timing noise is yet to be achieved, previous work usually followed one of two approaches. The first involves applying a cubic polynomial to fit forν to assess the effects of timing noise. The second uses the root-mean-square (RMS) of the residuals after subtracting a quadratic polynomial, which corresponds to a fit for only ν andν.
Studies undertaken by Urama et al. (2006) and Chukwude (2007) use measurements ofν to directly infer the strength of the timing noise in their data sets, in addition to searching for correlations with other pulsar parameters. Other users ofν measurements include work by Arzoumanian et al. (1994) through the use of a model-dependent parameter
14 The last event is listed as a glitch in the Jodrell Bank glitch catalogue at MJD 58486.2(9).
whereν is measured over a total (but arbitrary) observation time span of T8 = 10 8 s. A two-sample variance parameter σz is used in Matsakis et al. (1997) to describe pulsar rotational stability
where σν (T ) is the RMS of theν fit over the observing span T . Shannon & Cordes (2010) note that the ∆8 method is highly modeldependent since the measuredν will usually increase on longer timescales, requiring additional time dependent scaling to properly compare values ofν and ∆8. They also state methods based around measurements ofν (such as σz) will often underestimate the amount of timing noise as they neglect contributions from higher-order frequency derivatives. A method proposed by Cordes & Helfand (1980) assesses the RMS of the total timing noise after conducting a second order fit
where R refers to the timing residuals and N is the number of ToAs. This can be further broken down into red and white components
It is assumed the RMS is usually dominated by σ 2 TN,2 in slow (P ∼ 1 s) pulsars. The timing noise strength is then estimated via an activity parameter that describes the scaling of σTN,2 with respect to PSR J0534+2200 (the Crab pulsar) by
This method assumes the timing noise scales in the same way as the Crab pulsar. Dewey & Cordes (1989) , and later Shannon & Cordes (2010) 
Here, the fitting factors C2, a, b and γ are measured from the total pulsar population using fits based on maximum likelihood statistics. We note these methods do not attempt to model the timing noise directly. Instead, they assume the RMS of the residuals accurately describes the timing noise strength. This neglects covariances between intrinsic pulsar properties and red noise, which can result in contaminated residuals as some pulsar properties may be overor under-fit. This is not an issue for modern Bayesian methods that model both deterministic and stochastic properties simultaneously.
The method we use for assessing timing noise strength was developed in parallel with Parthasarathy et al. (2019) , in which timing noise strength is inferred from the red noise amplitude and spectral index, obtained via parameter estimation with T N , and the observation span as
Using this metric, we find the magnetar PSR J1622−4950 has the strongest timing noise in our sample. However, as stated earlier the torque variations due to the magnetar's decaying magnetic field, rather than spin noise, are expected to dominate the observed red noise. In addition, Shannon & Cordes (2010) argued that timing noise in magnetars is statistically different to that in millisecond and non-recycled pulsars. Given the red noise we observe in both the millisecond pulsars and PSR J1622−4950 can be explained via processes other than rotational irregularities, we restrict our analysis to the 280 non-recycled pulsars in our sample, 112 of which strongly favour the PLRN model.
Correlations with individual pulsar properties
A number of pulsar properties can be inferred from their spin and spin-down. These include the characteristic age (τc), surface dipole magnetic field strength (B surf ) and the rotational kinetic energy loss over time (Ė) . Simplified approximations to these properties, along with the pulse period derivative (Ṗ ), can be expressed in terms of the spin and spin-down frequencies, as followṡ
Similar to previous work on pulsar timing noise, we examine whether correlations exist between the measured red noise strength and these pulsar properties, in addition to the spin and spin-down on their own. Assuming timing noise strength scales with spin and spin-down frequencies in a similar fashion to Equation 17, we compared the inferred strength against a predictive metric
where the values of a and b can be set to the approximate pulsar properties we are comparing. From a frequentist perspective, the amount of correlation between σRN and χRN can be quantified via the Pearson correlation coefficient
where µσ = 1 N N i=1 σRN,i is the mean of the σRN values, and µχ is the mean of χRN. However, this approach does not take into account potential covariances between the means of σRN,i and ν a |ν| b , or scatter in the measurements. It is also not robust against the influence of outliers in the data set.
An alternative approach involves assuming the red noise measurements and values generated from equation 20 are correlated samples drawn from an underlying bivariate Gaussian distribution, the shape of which is best described by the set of hyper-parameters {µσ, µχ, σσ, σχ, ρ} as
Here, µσ, σσ are the mean and variance of the distribution in the σRN direction, and µχ, σχ represent the mean and width in the χRN direction. The parameter ρ indicates the direction in which the bivariate Gaussian is rotated and provides an estimate for the level of correlation between σRN and χRN. For simplicity, we express the bivariate Gaussian as N2(σRN, χRN) 
and θ = (σRN − µσ, χRN − µν ). We can then write the likelihood function from which our samples are drawn from as
where |C| = σ 2 σ σ 2 χ (1 − ρ 2 ). We use the B software library (Ashton et al. 2019b) and P M N ), a Python wrapper for the M N algorithm, to sample the hyper-parameter posterior distributions using the 112 non-recycled pulsars that strongly favour the PLRN model, ignoring those that are consistent with the WTN model. The resulting Frequentist and Bayesian correlation coefficients for pulsars with strong evidence for red noise (D; ln(B) > 5) and when including those with less confident evidence (D + PD; 3 < ln(B) < 5) are presented in Table 5 .
We find the strongest correlations exist withṖ andν, in addition to a similar anti-correlation with characteristic age. These correlations are smaller than those from the σz analysis performed by Hobbs et al. (2010) , who presented an analysis of the ongoing timing campaign of a large sample of pulsars at the Jodrell Bank Observatory (N = 366, Tmean ∼ 19 yr), but are similar to those from Namkham et al. (2019) who assessed the timing noise of 129 'middle-aged' (τc ∼ 1 Myr) pulsars observed by the Parkes radio telescope over ∼4 yr using the σz metric. We find pulsar spinfrequency has effectively no correlation with timing noise, but the weak correlation of 0.3 from Hobbs et al. (2010) does overlap with the 95 percent confidence region of our Bayesian correlation parameter for the pulsars that strongly prefer the PLRN model. These differences are to be expected as Hobbs et al. (2010) included both millisecond and partially-recycled pulsars when calculating their correlation coefficients, while we are limited to non-recycled pulsars.
Scaling relation fitting and hyper-parameter estimation
To see how the timing noise strength varies independently of specific pulsar properties, we build upon previous work by Dewey & Cordes (1989) and (Shannon & Cordes 2010) for finding a scaling relation that maps timing noise strength to a scaling of pulsar ν andν, and observing timescale T . We rewrite their scaling relation (Equation 20) as
where Shannon & Cordes (2010) use the symbol C2 in place of ξ to represent the linear scaling factor. Unlike in Section 5.2, a and b are not set to fixed values to approximate certain pulsar properties. Instead we allow them to be free parameters with uniformly sampled priors (−10 < π(a, b) < 10). Shannon & Cordes (2010) define the joint likelihood function L(σRN, σUL|χRN, ε) = L(σRN|χRN, ε) × L(σUL|χRN, ε), (26) which is comprised of a standard Gaussian likelihood with an additional hyper-parameter ε 2 to describe the scatter in the measured red noise strength in the pulsar sample, which may be attributed to variations in the amount of turbulence in their superfluid interiors (Melatos & Link 2014) , and an upper-limit likelihood. The likelihood functions contributing to Equation 26 are given by
and
where σUL is the 'upper limit' on the red noise strength and erfc is the complementary error function. We use this likelihood to calculate posterior distributions for the scaling hyper-parameters as follows p(χRN, ε|σRN, σUL) ∝ L(σRN, σUL|χRN, ε)π(χRN, ε).
This modified version of the Shannon & Cordes (2010) formalism (mSC10 hereafter) requires making two key assumptions: scatter in the maximum likelihood posterior values of σRN due to measurement uncertainties are either negligible or absorbed by ε, and the upper limit likelihood holds true for the pulsars with only a marginal preference (i. e. 1 < ln(B) < 3) for the PLRN model. It also does not take into account the information that can be gained by including the full posterior distribution for σRN during the fitting. We can overcome these shortcomings by assuming our measurements of σRN for a given pulsar is drawn from a Gaussian distribution, the mean of which depends on the aforementioned scaling of the pulsars spin and spin-down frequencies (equation 25), and a variance ε 2 defined by
This distribution represents an approximation to the 'true' probability distribution of σRN across the population. To compute the posterior distributions for our scaling hyper-parameters ({ξ, a, b, γ}), we use the marginalized likelihood L(r|χRN, ε) = dσRNL(r|σRN)π(σRN|χRN, ε).
As we are using an ensemble of N individual pulsars with residuals r = {r1, ...rN }, we can take the product of the individual likelihoods to obtain the total likelihood of the timing data given the red noise strength for the population
hence the total marginalized likelihood can be rewritten as
From Bayes theorem, we can find L(ri|σRN,i) as where the prior on σRN,i is the product of the log-uniform prior on A and the uniform prior on β
for A ∈ {10 −20 , 10 −3 }. We then substitute equation 34 into equation 33 to obtain L(r|χRN, ε) = dσRN,iZ(ri)p(σRN,i|ri) π(σRN,i|χRN,i, ε) π(σRN,i) .
Converting the integral over σRN,i to a sum over the posterior samples, as dx p(x)f (x) ≈ 1/ns ns i f (xi) (Hogg & Foreman-Mackey 2018) , the final likelihood function is
where k is the number of posterior samples for the i-th pulsar. We can then combine this likelihood with the prior for the hyperparameters, π(χRN, ε), and the Bayesian evidence for the timing data, to obtain the posterior distributions for the hyper-parameters p(χRN, ε|r) = L(r|χRN, ε)π(χRN, ε) Z(r) .
As with equation 29, the posterior distributions are sampled using P M N . We present the resulting one-and two-dimensional posterior distributions in Fig. 5 , comparing results from the mSC10 method, hyper-parameter estimation (Hyper-PE) using only the 112 non-recycled pulsars that favour the PLRN model, and the resulting improvement when all 280 non-recycled pulsars are included in the Hyper-PE method regardless of the preferred model.
Recovered values for each scaling hyper-parameter from both methods are listed in Table 6 . It is clear the Hyper-PE method returns improved estimates over the mSC10 method (with the exception of ε, which is consistent between all three methods), as indicated by the smaller confidence regions. Including the additional 168 white noise dominated pulsars provides additional improvements, as the Hyper-PE method takes into account additional information by summing over the entire posterior distribution of σRN, rather than only using the maximum likelihood posterior value. Our recovered value of ε differs from the value of ε = 1.6 ± 0.1 reported by Shannon & Cordes (2010) . This inconsistency could be due to the use of two different methods of modelling timing noise in pulsars, resulting in a different amount of measurement scatter.
We can compare our results to those in the literature by looking at the specific scaling relation from equation 20. From our Hyper-PE method, we find the timing noise strength of the non-recycled pulsars in our sample follow the scaling relation ) , high-Ė pulsars with ∼10 years of timing observations. Using a grid search to find the maximally correlated ν scaling index -at a fixed scaling parameter of 1 foṙ ν -they found a scaling relation of σP ∝ ν −0.9±0.1 |ν| 1 . This same grid search method was also used by Namkham et al. (2019) to infer their scaling of the σz parameter, obtaining the relation σP ∝ ν −1.7 |ν| 1.0 .
The values of a and b from each of these relations are compared with our results in Fig. 6 . Our relation is entirely consistent with Shannon & Cordes (2010)'s σTN,2 scaling, while both relations from Hobbs et al. (2010) and Parthasarathy et al. (2019) fall within our 95-percent confidence regions. Improving our measurements of a and b can be achieved by adding additional pulsars to our sample and/or by extending the lengths of our timing baselines. The improvement made by adding more pulsars is illustrated by the ∼22 percent reduction in the Hyper-PE confidence regions in Fig. 5 after including the 168 pulsars that favour the WTN model in our analysis. Additional observations over longer timing baselines may allow us to obtain improved red noise amplitude and spectral index measurements, and detect low amplitude red noise in pulsars that currently favour the WTN model.
Applying a consistent approach to measuring timing noise strength in various data sets is of particular importance when it comes to comparing observations with theoretical models of timing noise processes. Our method of performing parameter estimation on the stochastic properties of individual pulsars with T N followed by using hyper-parameter estimation to infer the scaling across the population can be easily extended to other large pulsar timing programmes, or even modified to accommodate astrophysically motivated distributions on the expected spectral properties of timing noise (see, e.g Melatos & Link 2014) . Model selection studies could also allow for different physical timing noise models to be compared, along with their implications for our understanding of the dynamic processes and internal structure of neutron stars. 
Two noteworthy pulsars
Here we discuss results for two pulsars of particular interest: PSR J0737−3039A, for which we constrain the decay of its orbital period due to gravitational-wave emission, and PSR J1402−5124, whose celestial coordinates we find to be different to published values.
PSR J0737−3039A
J0737−3039A is the 'A' pulsar of the renowned double pulsar system discovered by Burgay et al. (2003) . The 'B' pulsar (Lyne et al. 2004 ) is currently not visible due to its magnetic-axis precessing out of our line-of-sight (Perera et al. 2010) . As its name suggests, the double pulsar allowed a determination of the mass ratio R by measuring the two semi-major axes of the pulsars. When combined with the sum of the masses derived from the advance of periastron, this completely determines the constituent masses to high precision, and predicts the rate of orbital decay due to the emission of gravitational waves. Using T N to conduct parameter estimation on the pulsar's rotational and binary parameters, we find the relativistic properties of the system to be consistent with the masses and GR parameters measured by Kramer et al. (2006b) . This produces the integrated profile seen in Fig. 7 . The (albeit limited) timing precision is good enough for us to spot any potential glitches in the pulsar's rotation, assist in dispersion measure variation monitoring, and to be used in undergraduate projects to demonstrate post-Keplerian effects such as advance of periastron and orbital decay to better than 1 percent accuracy.
PSR J1402−5124
During our regular FRB-search transit observations, the real-time detection pipeline reported a candidate pulse from an unknown source with a DM of 53 pc cm −3 and a S/N of 10.2 at MJD 58657.40992245. Upon inspection of the data, we detected many faint single pulses with similar morphology drifting through our fan-beams. A periodicity search on the data 'stitched' according to the sky-drift-rate revealed a high S/N pulsar candidate with a period of 1.38 s and DM = 51(9) pc cm −3 , closely matching the properties of pulsar PSR J1402−5124 reported by Manchester et al. (1978) . A first-order localisation of the source, however, yielded a sky position that was inconsistent with the coordinates reported in the pulsar catalogue. Tracking the source using finely-spaced fan-beams over the next few days, we optimized the coordinates of the pulsar to: RA = 14:02:56.0(2), DEC = −50:21:43(49). The improved declination measurement is consistent with the value of DEC = −50:20(5) reported by Edwards et al. (2001) . In Fig. 8 we highlight the variability of the pulse profile by plotting the phase vs time of the pulsar throughout a 40 minute observation after placing a tied-array-beam on the updated coordinates. Using 5 epochs of timing observations, we are able to constrain the spin-period of the pulsar to P = 1.380182295(4) s. Subtracting this new period measurement from the value reported in Manchester et al. (1978) we derive an estimated spin-down ofṖ = −5.413(4) × 10 −15 , placing it in the population of 'middle-aged' pulsars (τc ≈ 4 Myr). The astrometric and rotational properties will be further constrained as we continue to time the pulsar.
CONCLUSIONS
We have performed an initial study of the rotational properties of 300 bright, southern-sky radio pulsars observed by UTMOST using the Bayesian pulsar timing software T N to characterise the stochastic properties of our pulsar sample and to obtain unbiased measurements of ν andν. Three millisecond pulsars in our sample favour the Power-Law Red Noise (PLRN) model, but this excess noise is due to a combination of instrumental artefacts and extrinsic astrophysical sources as opposed to rotational irregularities.
We also used T N to reanalyse nine previously reported pulsar glitches. While the posterior distributions we recover for the change in spin-frequency are generally consistent with previously published values, we are able to place tighter constraints on the change in spin-down and spin-recovery. Performing model selection, we find a PLRN-only model is preferred for two previously reported glitches, one in PSR J0835−4510 on MJD 56922(3) and PSR J1740−3015 on MJD 57346.0(6). This highlights the importance of accounting for timing noise of a pulsar when estimating glitch properties, and the potential use of model selection as a means of verifying glitch detections any additional, undiscovered glitch/micro-glitch candidates that may be present in the data. It also indicates conducting reliable parameter estimation on microglitch candidates in the presence of strong red noise is difficult. We also present the discovery of a new glitch in PSR J1452−6036 and the first ever glitch observed in PSR J1703−4851. Additionally, we observed four unusual glitch-like events in PSR J1825−0935, the larger of which cannot be adequately explained by timing noise alone. While it is possible the two large events were due to 'slow glitches', we have insufficient observations around their epochs to obtain high resolution measurements ofν. As a result, we do not observe a sharp increase in the spin-down typically associated with slow glitches.
Limiting ourselves to only the non-recycled pulsars in our sample, we find the strongest correlation between various pulsar properties and the relative red noise strength exists with pulsar spindown (Ṗ ) andν, with a similar anti-correlation with characteristic age. These correlations agree with recent work by Namkham et al. (2019) , but are generally weaker than those found by Hobbs et al. (2010) . We conclude this difference is likely caused by Hobbs et al. (2010) including millisecond pulsars in their analysis, while we are limited to non-recycled pulsars. Building on work by Shannon & Cordes (2010) , we developed a new Bayesian hyper-parameter estimation (Hyper-PE) framework for inferring the scaling between red noise strength and pulsar spin-frequency and spin-down across the population. This relation can be used to estimate the expected red noise strength of a pulsar based on its measured spin and spindown. Our inferred scaling relation of χRN ∝ ν a |ν| b , where a = −0.84 +0.47 −0.49 and b = 0.97 +0. 16 −0.19 , is consistent with those found in previous studies by Shannon & Cordes (2010) , Hobbs et al. (2010) and Parthasarathy et al. (2019) . As timing noise strength scales with the length of each pulsar data span, applying our Hyper-PE method to a much larger data set with longer timing baselines will enable more stringent constraints to be placed on the scaling between timing noise strength and pulsar rotational properties. These data could be obtained by UTMOST in the future, or other large, longterm timing programmes such as those undertaken at Jodrell Bank and CHIME/Pulsar (Ng 2018) . A natural extension of our study would be to include measurements of red noise in a large sample of millisecond pulsars and magnetars. In addition, the ability to perform model selection studies using astrophysically motivated noise models could allow us to place constraints on the precise mechanism behind spin noise.
Finally, we discussed the capability of UTMOST to contribute to the monitoring of relativistic binary systems such as the double pulsar PSR J0737−3039. We also used the interferometer nature of the instrument to measure an updated position for the bright, mode-changing pulsar PSR J1402−5124 in addition to providing the first estimate of this pulsar's spin-down rate.
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APPENDIX B: TIMING NOISE PARAMETERS
Preferred models indicated are: white timing noise (WTN), powerlaw red noise (PLRN), power law red noise with low-frequency turnover (PL+FC) and power-law red noise withν (PLRN+F2). The listed Bayes factor is taken as being the difference in evidences between the best model and the next simplest model. This paper has been typeset from a T E X/L A T E X file prepared by the author. 
